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Assessment of Risk Factors: Trunk, hip, and knee range-of-motion, peak angles, and

angles at initial contact during an unanticipated 45° sidestep cutting task were estimated using
laboratory-based three-dimensional optoelectronic motion capture. Maturation was classified using
a modified Pubertal Maturational Observational Scale (PMOS) into pre-, mid-, or post-pubertal
stages.

Main Outcome Measures: Trunk total range-of-motion (RoM) in frontal, sagittal, and
transverse planes; peak trunk flexion, right lateral flexion and right rotation angles; hip total RoM
in frontal, sagittal, and transverse planes; hip flexion angle at initial contact; peak hip flexion and
adduction angles; knee total RoM in frontal, sagittal, and transverse planes; knee flexion angle at
initial contact; peak knee flexion and abduction angles.

Results: As boys matured, there was a decrease in hip sagittal-plane RoM (49.02° to 43.45°,
Benjamini-Hochberg adjusted p-value=0.027), hip flexion at initial contact (29.33° to 23.08°,
p=0.018), and peak hip flexion 38.66° to 32.71°, p=0.046), and an increase in trunk contralateral
rotation (17.47° to 25.05°, p=0.027).

Conclusions: Maturing male athletes adopted a more erect cutting strategy that is associated
with greater knee joint loading. Knee kinematic changes that increase knee joint loading were not
observed in this cohort.

Keywords
knee injuries; change of direction; sport; puberty; biomechanics

Introduction

The risk of anterior cruciate ligament (ACL) injuries increases by up to 70% as boys
mature.! Studies have suggested that this might be due to disproportionate neuromuscular
responses to musculoskeletal growth during maturation.2: 3 However, not much is known
about the exactneuromuscular responses that increase knee joint loading especially those
that occur during cutting movements. Cutting movements are of great interest because the
majority of non-contact ACL injuries occur during these change-of-direction, pressing,

and evading situations.* ° Investigating and understanding the effects of puberty and
maturation on cutting technique is necessary because of the significant health, societal,

and economic burdens of these devastating injuries. For example, the odds of developing
knee osteoarthritis in the ACL-injured knee is four to six times greater compared to the
non-injured knee,® and it costs more than $90,000 USD for each ACL-injured individual to
gain a quality-adjusted life year.” Investigation and understanding the effects of puberty and
maturation on cutting technique is necessary to inform injury countermeasures, especially in
high risk groups like young athletes.

There is longitudinal evidence suggesting the emergence of kinematics like greater knee
abduction angles in maturing females during landing tasks but not in males.8: © Knee
abduction angles are a modifiable risk factor for ACL injuries and greater angles have been
shown to predict non-contact ACL injuries.1? When looking at cutting tasks, a recent study
also found that maturing female athletes demonstrated decreased sagittal-plane hip range-of-
motion (ROM), decreased peak hip flexion angles, and decreased peak knee flexion angles
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and abduction angles that are all associated with greater knee joint loading.1! However,

no study has longitudinally investigated changes in cutting kinematics in maturing male
athletes. To help practitioners identify kinematics associated with greater knee joint loading
that emerge across puberty in young male athletes, the objective of this study was to
examine longitudinal changes in trunk, hip, and knee kinematics in maturing boys during an
unanticipated cutting task.

The study is a secondary analysis of data from a cohort study conducted between 2004

to 2008 that investigated trunk and lower limb biomechanics of 1057 (790 female, 267
male) high-school athletes during an unanticipated cutting task.1? Study participants were
basketball, volleyball, and soccer athletes representing more than 95% of the high school
athletes participating in these respective sports within an entire county in a Midwestern
state of the United States of America. Participants had no previous history of knee ligament
injuries or surgeries. For this study, only participants with data across two or all three
pubertal stages (pre-, mid-, post-pubertal) were included. Investigation protocols were
reviewed and approved by the local institutional review board. Written athlete and parent
or guardian consent for study participation were obtained prior to study participation.
Participants or public partners were not involved in the design, conduct, or interpretation of
this study. We conducted an a posteriori power analysis based on data examined at between
session reliability of lower limb kinematic estimates,13 and statistically significant changes
in knee abduction range-of-motion following a six-week anterior cruciate ligament injury
prevention program,4 and determined that a sample size of 13 athletes in each group was
adequate to achieve 80% power at a. = 0.05 with an effect size of 0.88.

Participants’ weight was measured on a calibrated physician scale and height was measured
with a stadiometer. Weight and height were used to calculate Body Mass Index (BMI)

as weight (kg) divided by height squared (cm2). A modified Pubertal Maturational
Observational Scale (PMOS) was used to classify each participant into 1 of 3 pubertal
stages (pre-pubertal or Tanner Stage 1, mid-pubertal or Tanner Stages 2-3, and post-pubertal
or Tanner Stages 4-5).1° The PMOS has been shown to provide reliable assessments

of pubertal status.? 16: 17 The PMOS was applied through a parental questionnaire and
clinical observations performed by a single investigator. When participants attended multiple
sessions from the same pubertal stages, we only included the session with the larger
timespan between data collection points. In other words, if a participant attended three
testing sessions, two in pre-pubertal and one in mid-pubertal stages, we only considered the
pre-pubertal data collected at the earlier date.

Experimental protocol

The three-dimensional optoelectronic motion capture testing protocol and processing
procedures were previously described.8: 12 Briefly, thirty-seven retroreflective markers
were placed on each participant by the same researcher in the following anatomical
locations: sacrum, left posterior superior iliac spine, and sternum and then bilaterally on the
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shoulder, elbow, wrist, anterior superior iliac spine, greater trochanter, mid-thigh, medial and
lateral knee, tibial tubercle, mid-shank, distal shank, medial and lateral ankle, heel, dorsal
surface of the mid-foot, lateral foot (fifth metatarsal), and toe (between second and third
metatarsals). These markers were tracked by a 10-camera motion analysis system (Eagle;
Motion Analysis Corp., Santa Rosa, CA) and two force platforms (AMTI, Watertown,

MA). Video and force data were time-synchronized and collected at 240 Hz and 1200 Hz,
respectively. Data was then processed using the EvaRT software (v4; Motion Analysis, Santa
Rosa, CA) and analyzed in Visual3D (version 4.0; C-Motion, Inc.). Static models were
customized for each participant in Visual3D and three-dimensional marker trajectories from
each trial were calculated according to the Cardan/Euler rotation sequence and filtered at

a cut-off frequency of 12 Hz. The model consisted of eight skeletal segments including

the trunk, pelvis, and bilateral foot, shank, and thigh segments. Kinematic analysis was
optimized using a global least-squares approach. Sagittal, coronal, and transverse plane joint
rotations at the trunk were calculated relative to the lab coordinate system, while hip and
knee rotations were calculated and expressed relative to a neutral position where all segment
axes were aligned. Initial contact (1C) was defined as the moment the participant jumped
forward to land on the force plates and generated a vertical ground reaction force (VGRF)
that exceeded 10N. Toe off was calculated after IC when the VGRF falls below 10N.

For the unanticipated cutting task, each participant was instructed to start in an athletic
position with feet 36cm apart (Fig. 1). A custom computer program would then cue athletes
using a traffic-light system to initiate a forward jump of 40cm to land on 2 separate force
platforms. Three hundred milliseconds after the initiation of the forward jump, a randomized
arrow (indicating left or right cutting directions) would appear on the monitor directing the
participant to perform a 45° sidestep cut in the indicated direction as quickly as possible
through a 61cm gate that was placed 2.5 m away.12 18 Each participant performed six
cutting trials (right and left cut direction randomized). Trials were excluded if the participant
performed the cut in the wrong direction, performed a crossover cut, or if the entire foot did
not land on the force plate. Only left-directed cuts (landing on the right foot and cutting to
the left) were analyzed as 93% of the participants were right foot dominant and the effect of
limb dominance on cutting biomechanics is still inconclusive as to whether a particular limb
is more susceptible to injury 1°.

Independent variables

Based on existing reports of trunk and lower limb kinematics associated with increased knee
injury risk, the following independent variables were identified for our analyses 12 20. 21
Trunk total range-of-motion (ROM) in frontal, sagittal, and transverse planes; peak trunk
flexion, right lateral flexion and right rotation angles; hip total RoM in frontal, sagittal,

and transverse planes; hip flexion angle at initial contact; peak hip flexion and adduction
angles; knee total RoM in frontal, sagittal, and transverse planes; knee flexion angle at initial
contact; peak knee flexion and abduction angles.

Statistical analyses

Changes in independent variables across three pubertal transitions were compared using
linear mixed models and pairwise comparisons (pre- to mid-pubertal, pre- to post-pubertal,
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and mid- to post-pubertal). For missing data, listwise deletions removed the row of values
when an observation was missing, followed by maximum likelihood estimates of the model
parameters.22: 23 |_inear mixed models have also been successfully used in studies with
similar purposes.11: 24 The Benjamini-Hochberg (B-H) method was used to control for the
false discovery rate.2> Alpha levels for all statistical tests were set at a < 0.05. Data analyses
were performed in R (version 3.6.1 and later, R Foundation for Statistical Computing,
Vienna: Austria) using the tidyverse, emmeans, and /m4 packages.

Forty-two boys were included in the analyses (Table 1). These boys may be accounted for

in two or three pubertal transitions depending on the number of pubertal stages each boy
experienced over the course of data collection. Sixteen boys were accounted for in the pre-
to mid-pubertal transition, 26 in mid- to post-pubertal, eight in pre- to post-pubertal, and
four across all three stages (Table 2). The average time between measurements was 1.3 years
for pre- to mid-pubertal stages, 1.4 years for mid-to post-pubertal stages, and 2.7 years for
pre- to post-pubertal stages (Table 2).

There was a decrease in hip sagittal-plane RoM as boys matured from pre- to post-puberty
(means: 49.02° to 43.45°, B-H adjusted p-value = 0.027) (Table 3). There were no
statistically significant changes in trunk and knee joint RoM across puberty.

There was a reduction in hip flexion at initial contact from pre- to mid-puberty (29.33°
to 23.08°, B-H adjusted p-value = 0.018) (Table 3). There were no statistically significant
changes in knee joint angles at initial contact across puberty.

Boys displayed a reduction in peak hip flexion as they matured from pre- to mid-puberty
(38.66° to 32.71°, B-H adjusted p-value = 0.046) and an increase in trunk contralateral
rotation from pre- to post-puberty (17.47° to 25.05°, B-H controlled p-value = 0.027) (Table
3). There were no statistically significant changes in peak knee joint angles across puberty.

Discussion

The objective of this study was to examine longitudinal changes in trunk, hip, and knee
kinematics in maturing bays during a jump-stop, unanticipated 45° sidestep cutting task. As
boys matured, we observed a reduction in hip flexion at initial contact, peak hip flexion,

and hip flexion RoM indicating a more erect hip-driven cutting strategy. There was also an
increase in peak trunk contralateral rotation. These findings were statistically significant and
greater than the typical error between testing sessions, which ranged between 0.9 to 3.2°
depending on the variable.13 We did not observe changes in knee kinematics associated with
greater knee joint loading, such as greater knee abduction, internal rotation, and flexion.

A reduction in hip sagittal-plane RoM, hip flexion at initial contact and peak hip flexion
suggests a more erect cutting strategy associated with greater knee joint loading and
ACL injury risk.12: 20,26 However, decreased hip flexion is also related to shorter task
completion times and faster exit velocities.2” Athletes might have developed (instructed
or self-directed) a more erect cutting posture to mask and delay their intentions in order
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to increase their success in pressing and evading situations in sport.28 This reduction in

hip sagittal-plane RoM, hip flexion at initial contact and peak hip flexion was only seen

in boys as they matured from pre- to mid-puberty, but not as they matured from pre- to
post-puberty. Because of the fewer complete data points (Table 2) for pre- to post-pubertal
analyses, further research is required to confirm the emergence of this phenomenon. Further
investigation is also required to clarify this ‘performance-injury conflict’ to guide the
coaching of cutting technique.?’

Knee abduction, internal rotation, and flexion angles have a direct influence on the strain
and force experienced by the ACL but these changes were not observed in this cohort. In
the frontal- and transverse-planes, greater knee abduction and internal rotation angles are
commonly observed around initial stance knee contact and is the most common mechanism
for ACL injuries.? 10. 29 |n the sagittal-plane, decreased knee flexion indicates preferential
contraction of the quadriceps muscle over the hamstring muscle to stabilize the knee joint
which leads to greater anterior shear stress on the ACL.30: 31 |n comparison, maturing
female athletes demonstrated clear increases in peak knee abduction! which might partially
explain why ACL injury incidence is almost two times higher in girls compared to boys of
the same age group.! Additional longitudinal investigation of the effect of maturation on
knee biomechanics in a larger cohort of males would be required to further substantiate this
finding.

We observed an increase in peak trunk contralateral rotation (rotation away from intended
direction and toward the stance leg) but are not certain about the implications of this

finding on knee injury risk. There is evidence that rotation of the trunk away from the
intended cutting direction is linked to greater ipsilateral knee joint loads but this observation
was identified in anticipated cutting conditions.32 Two-dimensional video analyses of ACL
injuries also report the trunk to be rotating toward, and not away from, the intended direction
at the point of injury.% 33 Additionally, it is not clear if these observations were made from
sidestep, crossover, or a combination of both cutting maneuvers.# 33 Girls from the same
cohort displayed an increase in trunk transverse-plane RoM but not peak trunk contralateral
rotation.11 Unlike the relationship between sagittal- and frontal-plane trunk movements and
knee injury risk,20: 27 the relationship between trunk transverse-plane movements and knee
injuries is not clear. Further studies investigating trunk transverse-plane movements during
cutting in ecologically valid settings that consider task- and environmental-constraints may
be required.34

There is a paucity of longitudinal studies investigating changes in cutting kinematics across
puberty in boys 3% and to our knowledge, this is the first study to do so. Longitudinal
studies are important for exploring time-varying risk factors across puberty. We used

an unanticipated experimental task to better mimic sporting constraints.3® To reduce
measurement error, a single investigator was responsible for marker placement throughout
the entire data collection process. There were also some limitations to our study. The
unanticipated jump-stop, unanticipated 45° sidestep cutting task that was chosen has
inherent limitations and may more relevant for basketball players than volleyball and soccer
players. It was chosen, however, because it is easier to standardize across both participants
and between study visits within each participant which is important for longitudinal studies.
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Because we mainly recruited incoming high-school athletes, it meant that most participants
presented in the mid- to post-pubertal stages resulting in a smaller sample size for the pre-
to post-pubertal group. The discrete variables we used in the analyses do not fully represent
the complexity of cutting biomechanical data. Using statistical parametric mapping methods
can aid in the objective characterization of waveform features. Kinetic data were also not
analyzed and would have afforded further insight into this research question. Participation
in exercise-based injury risk reduction programs could have the potential to confound the
findings and this was not fully reported by this participant cohort. Inter-session reliability
of biomechanical data collection, soft-tissue artefact and marker occlusion may result in
inaccuracies during data collection. Finally, it is still not known if the same biomechanical
models are valid over time with changing anatomy and morphology.

Changes in cutting kinematics alone will not fully explain the causes of ACL injuries,

as these injuries are complex emergent phenomena resulting from multiple non-linear
interactions within a web of determinants. Future research should consider intensive
longitudinal assessments of multiple injury determinants in a larger cohort. Cutting
biomechanics is one such injury determinant, but assessment of biomechanics in a
laboratory-based setting is time-consuming and expensive. Inertial measurement units and
markerless motion capture are promising alternatives that could be considered because they
are cheaper and have shorter data collection and processing times.3’

While a more erect cutting strategy is associated with greater knee joint loading, maturing
male athletes may have adopted this strategy to improve cutting performance. Knee
kinematic changes that increase knee joint loading were not observed in this cohort. Changes
in cutting kinematics alone will not fully explain the greater ACL injury risk in maturing
males.
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Figure 1 -
Jump-stop, unanticipated 45° sidestep cutting task
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Table 1 -

Participant characteristics in each pubertal group

Groups Pre-pubertal (+ SD) Mid-pubertal (+ SD)  Post-pubertal (+ SD)
n 20 38 30

Age,y 12.3+05 13.6+1.0 15.0+1.2
Height, cm 158.0+7.9 168.7+7.8 1783+7.1
Weight, kg 48.1+9.4 56.2 + 8.9 68.4+9.3
BMI, kg/m? 192+29 19.7+£23 215+25
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Table 2 -

Number of complete and missing data per pubertal transition

Transitions Pre- to mid-pubertal  Mid- to post-pubertal  Pre- to post-pubertal
Pre Mid Mid Post Pre Post
Total participants 20 38 38 30 20 30
Missing data 4 22 12 4 12 22
Complete data 16 26 8
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